Abstract. Interferon regulatory factor 3 (IRF-3), an essential transcriptional regulator of the interferon (IFN) genes, is important in the host defense against viral and microbial infection. Epstein-Barr virus (EBV) immediate-early protein replication and transcription activator (Rta) and the transcription factor E2F1 are two important inhibitive factors, which repress IRF-3 expression. Numerous studies have identified that Rta can directly bind to the Rta-response element in promoters of its target genes and regulate their expression. In the present study, we demonstrated that Rta represses the expression of IRF-3 by E2F1 rather than through its traditional way. Transient transfection analysis and chromatin immunoprecipitation (ChIP) assays revealed that the overexpression of Rta elevated the expression of E2F1 and increased the binding of E2F1 to the promoter of IRF-3. The mutation of the E2F1-binding site and the knocking down of E2F1 by small interfering RNA (siRNA) can eradicate the inhibitory effect of Rta. These results suggested that Rta represses IRF-3 expression by increasing E2F1 binding to the IRF-3 promoter.
Introduction
To date, the human interferon regulatory factor (IRF) family has nine members (IRF1-9) (1) . Of all the members of the IRF family, IRF-3 and IRF-7 are known to be the key regulators of the expression of Type I interferons (IFNs; IFN-α and IFN-β). IRF-3 is responsible for the early phase of Type I IFN induction. Together with IRF-7, IRF-3 is a critical element in the activation of host innate immune responses, particularly in response to infection by different pathogens, including viruses (2, 3) . In unstimulated cells, IRF-3 is constitutively present as a monomer in the cell cytoplasm. Viral infection can trigger the phosphorylation of IRF-3, mediated by the IκB kinase (IKK)-related kinases, TANK-binding kinase 1 (TBK1) and IkappaB kinase epsilon (IKKε), resulting in its homodimerization and heterodimerization, nuclear localization and association with the coactivator CREB-binding protein (CBP)/p300. The IRF-3 complex, which is retained in the nucleus, induces transcription of IFN-β and other genes (4) (5) (6) .
Epstein-Barr virus (EBV) is a widespread human gamma-herpes virus. EBV is the causative agent of infectious mononucleosis and is closely associated with several human malignant diseases, including lymphoma, nasopharyngeal carcinoma, gastric carcinoma and lymphoproliferative diseases in immunocompromised patients (7) . Se Thoe SY et al demonstrated that there was a positive association between EBV and carcinoma of the cervix (8) . EBV expresses two transcription factors, replication and transcription activator (Rta) and BZLF1 transcription activator (Zta), during the immediate-early stage of the lytic cycle. The two proteins often collaborate to activate the transcription of EBV lytic genes synergistically. EBV Rta is known to mediate the switch from latent to lytic viral replication as well as other biological functions. It is able to activate a class of genes, cellular and viral. As is generally known, viruses commonly express abundant amounts of lytic proteins during the productive cycle. To achieve this, viruses often use viral-encoded transcription factors to promote the transcription of viral genes. Furthermore, these transcription factors may collaborate with each other to activate transcription synergistically and achieve high levels of expression of proteins that are required for viral lytic development. An earlier study demonstrated that EBV BRLF1 inhibited the transcription of IRF-3 and IRF-7 in HEK-293 cells and suppressed the induction of IFN-β (9) . The authors demonstrated that BRLF1 had the ability to evade host innate immune responses. However, the mechanisms underlying the regulation of IRF-3 by Rta remains unknown.
Previously Xu et al identified that the transcription factor E2F1 could repress the IRF-3 promoter activity by directly binding to its promoter (10, 11) . Bioinformatics information demonstrates that there is no Rta-response element in the IRF-3 promoter. Thus, Rta may regulate IRF-3 by an indirect mechanism. In the present study, we demonstrated that exogenous Rta expression leads to a decrease in IRF-3 transcription and protein expression in HeLa cells. Rta also inhibits IRF-3 promoter activity. We demonstrated that E2F1 is crucial for the repression of the IRF-3 promoter by Rta through overexpression and mutation analysis, as well as the E2F1 small interfering RNA (siRNA) experiment. Rta was able to upregulate the expression of E2F1 and increase E2F1 interaction with the IRF-3 promoter. These results suggested that the repression of IRF-3 by the EBV immediate-early protein Rta may be mediated through E2F1 in HeLa cells.
Materials and methods
Cell culture. Human HeLa cells were maintained in Dulbecco's modified Eagle's medium containing 10% heat-inactivated fetal bovine serum, supplemented with penicillin (100 U/ml) and streptomycin (100 µg/ml). Cells were incubated at 37˚C with 100% humidity in 5% CO 2 and passaged using standard cell culture techniques. The study was approved by the ethics committee of The First Affiliated Hospital, Nanjing Medical University, Nanjing, China.
Plasmids and transfection. The cloning of the human IRF-3 gene promoter region was performed as described previously (10) . The mutation of the putative E2F1 site at -109/-102 of the IRF-3 promoter was performed using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La, Jolla, CA, USA). The sequence containing the E2F1 binding site was mutated from 5'-GTTCAACTTTCCCGCGCCTGC-3' to 5'-GTTCAACTTTAAAGCGCCTGC-3' (mutations shown in bold). The expression plasmids pcDNA-E2F1 (provided by Dr W. Douglas Cress) and the pcDNA empty vector were purified and were cotransfected using Lipofectamine™ 2000 (Invitrogen Life Technologies, Carlsbad, CA, USA) and then incubated for 24 h. The DNA fragment that encodes Rta was isolated from pET-Rta (provided by Dr Shih-Tung Liu) by NheI and HindIII digestion and inserted into the NheI and HindIII sites to yield plasmid pcDNA-Rta. Double stranded siRNA. An RNA interference strategy was employed to silence endogenous E2F1 in HeLa cells. Double stranded siRNA specific for E2F1 and control siRNA were synthesized and were purified using high-performance liquid chromatography (Gene Pharma, Shanghai, China). The siRNA sequences used were as follows: (sense): 5'-GGCCCGAUCGAUGUUUUCC-3' for E2F1 (12) and 5'-CGUAAACGGCCACAAGUUC-3' for the control siRNA. siRNA oligonucleotides were transfected into cells at a concentration of 100 nM using Lipofectamine™ (Invitrogen Life Technologies) according to the manufacturer's instructions.
Dual-luciferase reporter assays. Cells were seeded into 96-well plates 24 h prior to transfection. The Rta expression plasmid or the empty vector was individually cotransfected into HeLa cells, together with the appropriate IRF-3 promoter reporter plasmids or the E2F1 mutation plasmid using Lipofectamine™ 2000 (Invitrogen Life Technologies). The pRL-TK plasmid (Promega, Madison, WI, USA; 2 ng/sample) containing the Renilla luciferase gene driven by the herpes simplex virus thymidine kinase promoter was cotransfected with the constructs, and the luciferase activity was normalized. The preparation of cell lysates and measurements of luciferase activity were performed using the Dual-Luciferase Reporter Assay system (Promega) and TD-20/20 luminometer (Turner Designs, Sunnyvale, CA, USA) according to the manufacturer's instructions.
Chromatin immunoprecipitation assay (ChIP).
The ChIP assay was performed using the ChIP-IT kit (Active Motif, Carlsbad, CA, USA) according to the manufacturer's instructions. Briefly, three 100 cm 2 dishes of 80-90% confluent HeLa cells were treated with 1% formaldehyde in phosphate buffer solution (PBS) for 10 min at room temperature. The formaldehyde was inactivated by the addition of 0.125 M of glycine in PBS to the cells for 5 min at room temperature. The cells were then washed in ice cold PBS and then lysed with lysis buffer containing 1% sodium dodecyl sulfate (SDS). Sonication of cross-linked chromatin was performed at 200 W with five rounds of 20 sec pulses so that chromatin fragments which were obtained, ranged from 500 to 1,000 bp in size. Soluble chromatin was subjected to overnight immunoprecipitation with anti-IgG or anti-E2F1 (C-20; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). A portion of the chromatin solution was kept to check the amount of input DNA in different samples prior to immunoprecipitation. For each immunoprecipitation, 2 µg of the appropriate antibody was incubated with a precleared chromatin aliquot overnight at 4˚C. Following immunoprecipitation and elution, the eluent was heated to 65˚C for 6 h to reverse the cross-link, and then DNA was purified using minicolumns provided with the kit. The purified DNA was amplified by the promoter-specific primers ChIP-F, 5'-CACCCCTCGTCAACACCC-3' and ChIP-R, 5'-CGCGGGAAAGTTGAACTAATA-3' and quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed according to the manufacturer's instructions.
RNA purification and quantitative real-time RT-PCR.
Total RNA extraction was performed using TRIzol reagent followed by chloroform-isopropanol extraction and ethanol precipitation. Subsequently, duplicate samples of 1 µl of each cDNA were used as a template. The quantification of gene transcripts was performed by real-time PCR using SYBR Green I dye (Invitrogen Life Technologies) and the ABI PRISM 7700 sequence detection system (PE Applied Biosystems, Wellesley, MA, USA). The specificity of amplification was assessed for each sample by melting curve analysis. Expression values were normalized with control GAPDH. The primers used were as follows: sense primer 5'-GTCGATCAAAAAGAAAGCCCCAGCG-3' and antisense primer 5'-CATCCTGCCGTAGGCCGTGCTTCC-3' for IRF-3; sense primer 5'-ATGTTTTCCTGTGCCCTGAG-3' and antisense primer 5'-ATCTGTGGTGAGGGATGAGG-3' for E2F1 and sense primer 5'-AGGTCGGAGTCAACGGAT-3' and antisense primer 5'-TCCTGGAAGATGGTGATG-3' for GAPDH.
Western blot analysis. Samples were lysed in Laemmli buffer, boiled, electrophoresed on SDS-polyacrylamide gel and separated proteins were transferred onto polyvinylidene difluoride membranes. Membranes were incubated in 5% dry milk in Tris-buffered saline with Tween-20 (TBST; 0.25 M of Tris-HCl pH 7.6, 0.19 M of NaCl and 0.1% Tween-20) for 1 h to block nonspecific sites. The primary antibodies used were mouse anti-GAPDH (Santa Cruz Biotechnology, Inc.), mouse anti-IRF-3 (3F10; Santa Cruz Biotechnology, Inc.) and rabbit anti-E2F1 (C-20; Santa Cruz Biotechnology, Inc.). Membranes were washed twice with TBST and treated with either a horseradish peroxidase-linked goat anti-mouse or anti-rabbit antibody. Reactive proteins were visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA).
Statistical analysis. The results were analyzed by using the paired two tailed student's-t test. P<0.05 was considered to indicate a statistically significant difference.
Results

Rta suppresses IRF-3 mRNA and protein expression in HeLa cells.
To investigate the effect of Rta on the regulation of IRF-3 expression, the Rta expression plasmid was adopted. HeLa cells were transfected with the Rta expression plasmid pcDNA-Rta or the corresponding control vector pcDNA. RNA and protein were extracted 24 h and 48 h after transfection, respectively. As shown in Fig.1 , overexpression of Rta led to a 41% decrease of IRF-3 mRNA level and a 28% reduction of IRF-3 protein expression. These results suggested that EBV Rta could negatively regulate the expression of IRF-3 in HeLa cells.
Rta decreases the promoter activity of IRF-3 in HeLa cells.
To explore whether Rta could regulate IRF-3 expression at the transcriptional level, we cloned a series of luciferase reporter plasmids containing different IRF-3 promoter truncations, spanning from -982 to +18 bp relative to the transcription start site, and transfected them into HeLa cells. As shown in Fig. 2 , different promoter activities were observed in pGL3-982, 624, 503, 285, 161 and 149, while pGL3-67 and pGL3-93 had little promoter activity. This result was similar to our previous study in HEK293 cells, which indicated that the region between -149 and -93bp was sufficient for full promoter activity. Notably, the promoter activities of all the plasmids which contain an E2F1-binding site were more or less reduced under exogenous Rta expression, which suggested that E2F1 may be important in the process of suppressing IRF-3 expression by Rta.
Repression of IRF-3 promoter activity by Rta is mediated by E2F1 in HeLa cells.
To further confirm the mediation of E2F1 in the suppression of IRF-3 expression by Rta, we first performed an E2F1-site direct deletion mutation in pGL3-149. As shown in Fig. 3A , an E2F1-site direct deletion mutation completely eliminated the inhibitory action of Rta. Then, we overexpressed E2F1 by adopting an E2F1 expression plasmid, pcDNA-E2F1 and knocked down endogenous E2F1 using siRNA specific for E2F1. The overexpression and interference efficiency were detected by western blot analysis (data not shown). As depicted in Fig. 3B and Fig. 3C , cotransfection of pGL3-149 with Rta/E2F1 resulted in a decline of 32% compared with the Rta/pcDNA group. Cotransfection of pGL3-149 with Rta/E2F1 resulted in a decrease of 37% compared with the E2F1/pcDNA group. Cotransfection of pGL3-149 with pcDNA resulted in a 1.7-fold increase compared with the Rta/E2F1 group. However, cotransfection of pGL3-149 with Rta/E2F1 siRNA led to an increase of 50% compared with the Rta/control siRNA group. Cotransfection of pGL3-149 with pcDNA/E2F1 siRNA led to an increase of 114% compared with the Rta/E2F1 siRNA group. Cotransfection of pGL3-149 with pcDNA/control siRNA led to an increase of 76% compared with the Rta/control siRNA group. The results suggested that E2F1 was indispensable for the repression of the IRF-3 promoter activity by Rta.
Repression of the IRF-3 gene by Rta is mediated through E2F1 in HeLa cells.
To examine whether E2F1 could mediate the inhibitory action of Rta on IRF-3 mRNA levels, we transfected the Rta expression plasmid into HeLa cells with overexpression of E2F1. As shown in Fig. 4A , cotransfection of Rta with E2F1 led to a 31% decline compared with the pcDNA group, a 37% decline compared with the pcDNA/E2F1 group and a 56% decline compared with the pcDNA group. We also identified the expression of IRF-3 mRNA by Rta via knocking down E2F1 by siRNA. As displayed in Fig. 4B , cotransfection of Rta with E2F1 siRNA led to a 35% decline compared with the pcDNA/E2F1 siRNA group and a 25% decline compared with the Rta/control siRNA group. Cotransfection of Rta with control siRNA led to an increase of 40% compared with the pcDNA/control siRNA group. These results suggested that E2F1 is important in the repression of IRF-3 by Rta in HeLa cells.
Rta upregulates the expression of E2F1 in HeLa cells.
The results demonstrated that Rta could repress IRF-3 expression through the transcription factor E2F1, however, whether Rta affects E2F1 expression is unclear. Thus, Rta was overexpressed in HeLa cells by the Rta expression plasmid. Notably, E2F1 mRNA and protein expression were markedly upregulated by the overexpression of Rta (Fig. 5) , which indicated that Rta may repress IRF-3 expression through upregulating E2F1 levels.
E2F1 interaction with the IRF-3 promoter is increased by Rta.
We identified that Rta could upregulate the expression of E2F1 in HeLa cells and inhibit IRF-3 expression. IRF-3 is negatively regulated by E2F1. To determine whether E2F1 interacting with the IRF-3 promoter was increased by Rta, a ChIP assay was performed. Fig. 6 demonstrated that anti-E2F1 antibodies precipitated proteins bound to the amplified sequence of the IRF-3 promoter by Rta was increased compared with the control, whereas nonspecific IgG (control antibody) failed to precipitate proteins bound to this sequence. Based on the experimental results, we concluded that Rta could suppress the expression of IRF-3 by increasing E2F1 binding to the IRF-3 promoter.
Discussion
The innate immune response is the first line of defense against invading viruses. IRF-3 has been implicated in virus and double-stranded RNA mediated induction of type I IFN and regulated on activation, normal T cell expressed and secreted (RANTES), in DNA damage signaling, in tumor suppression and in virus-induced apoptosis. EBV is a member of the human gamma-herpesvirus subfamily that infects over 90% of the global adult population. There is a wide variety of clinical syndromes with which persistent and/or chronic and/or latent EBV infection has been linked. Therefore, it is extremely difficult to identify an univocal pathogenetic link. In the present study, we demonstrated that Rta could repress the expression of IRF-3. Bentz GL et al (9) also identified that BRLF1 had the ability to suppress the expression of IRF-3 and evade host innate immune responses. This may be one of the EBV pathogenetic mechanisms.
The mechanisms of regulation of IRF-3 by other herpesviruses have been demonstrated. The immediate-early protein, ICP0 of bovine herpesvirus I and herpes simplex virus, inhibits the activity of IRF-3 by recruiting activated IRF-3 and inducing its degradation (13) (14) (15) . The human cytomegalovirus encodes a protein, pp65, which subverts the activation of IRF-3 by inhibiting its nuclear accumulation and regulating innate immune responses (16) . The IE protein 1 of the related β-herpesvirus HHV-6 also inhibits the nuclear localization of IRF-3 leading to decreased IFN-β production (17) . The majority of these findings explain the mechanisms at the protein level. There is little study concerning the regulation of IRF-3 at the transcriptional level. Promoters are key players in gene regulation. They receive signals from various sources and control the levels of transcription. Previously, we revealed that the transcription factor E2F1 could repress the expression of IRF-3. Further study demonstrated that it repressed IRF-3 by directly binding to its promoter (11) . In the present study, we demonstrated that Rta could suppress IRF-3 expression through inhibiting the promoter activity of IRF-3 via the E2F1 Figure 2 . Effect of Rta on IRF-3 promoter activity in HeLa cells. HeLa cells were individually cotransfected with equal amounts (100 ng) of eight indicated IRF-3 promoter deletion constructs of Luc-reporter together with either the pcDNA empty vector (100 ng) or the Rta expressing vector pcDNA-Rta (100 ng). pRL-TK was also introduced into each transfected cell sample as an internal control. All IRF-3 promoter fragments except pGL3-93 and pGL3-67 which had no E2F1 binding site exhibited significant repression under exogenous Rta expression. The data were normalized for Renilla luciferase activity and represent the means and standard deviations of three independent experiments. The data of triplicate experiments and their averages are indicated in the figure. Error bars indicate standard deviation. Rta, replication and transcription activator; IRF-3, interferon regulatory factor 3; pRL-TK, renilla luciferase plasmid. 
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site. We demonstrated the regulation of IRF-3 at the transcriptional level and this may be a new mechanism of regulation of IRF-3 by herpesviruses.
EBV Rta has two methods to regulate target genes. Firstly, it can activate genes by directly binding to a GC-rich motif known as the Rta-responsive element (RRE), 5'-GNCCN 9 GGNG-3' (18), found in viral promoters to activate the expression of BMRF1, BMLF1, and BALF2. It has been demonstrated that Rta binds directly to the early lytic EBV gene SM promoter and the interaction between Rta and CBP is important for Rta-induced activation of the SM gene in Raji cells (19) . Rta could upregulate decoy receptor 3 expression by binding to its promoter (20) . Rta could also activate a class of genes that lack any detectable RRE. For example, the EBV BRLF1 gene which encodes the Rta protein has no RRE and Rta could form a complex with Sp1 and MCAF1 on a Sp1-binding site to autoregulate the transcription of BRLF1 and to regulate several host genes in EBV-infected cells (21) . Rta may activate a key early EBV promoter (pol) through USF and E2F (22) . Bioinformatics information demonstrates that there is no RRE in IRF-3 promoter. We demonstrated that Rta repressed IRF-3 expression through the E2F1-site in the promoter of IRF-3, however not through its traditional way.
Swenson et al (23) and Guo et al (24) demonstrated that Rta could increase E2F1 expression, which functions as a transcription factor that enhances cell proliferation by binding to the promoter region of several genes, including those that are involved in cell cycle regulatory activities and DNA replication. In the present study, we demonstrated that Rta could increase E2F1 expression and increase its interaction with the IRF-3 promoter to repress IRF-3 expression in HeLa cells. We may find a new mechanism of regulation of IRF-3 by Rta It is known that EBV may be associated with cervical carcinoma. IRF-3 is important in tumor suppression. EBV Rta could repress IRF-3 by increasing E2F1 interaction with the IRF-3 promoter. These results suggested that E2F1 may mediate the onset of cervical carcinoma by EBV. The present study may contribute to revealing the mechanisms of regulation of IRF-3 by Rta and providing new treatments for EBV infection through designing drugs which can target the transcription factor E2F1. 
